ABSTRACT: The various lines of calcaneal fractures indicate their complex nature and make their treatment challenging. There is still much debate regarding the position and direction of these fracture lines, even for the primary fracture line. The computed tomographybased finite element model is known to provide accurate predictions of fracture loads and virtual fracture locations for the femur and distal radius. This study aimed to establish how to predict the calcaneus fracture lines using the computed tomography-based finite element model for patients with contralateral calcaneal fractures and to investigate whether the predicted lines were similar to those of the fractured calcaneus. The calcanei of five men and two women aged 44-77 years (average age, 60 years) with contralateral calcaneal fractures were analyzed. To assess the precision of the predicted fracture lines of the contralateral calcanei, they were compared with the fracture locations found by three-dimensional models of the calcanei. The fracture lines of the finite element model simulated the actual fracture lines and diagnosed joint depression types of fractures (five cases) and tongue types (two cases), but only under certain conditions for each case. This trial simulated calcaneal fractures using a patient-specific computed tomography-based nonlinear finite element model. Therefore, we suggest that it is possible to reproduce calcaneal fractures using the finite element model. It was possible to predict with precision the actual calcaneal fracture for each patient and to reproduce fracture conditions. Therefore, this method is valuable because it can provide an understanding of the pathomechanism of calcaneal fractures. The treatment of calcaneal fractures is challenging because of the complex shape of the bone, its four functionally linked joints, and the complex nature of the fractures. [1] [2] [3] In addition, there is still much debate regarding the position and direction of the various fracture lines, even the primary fracture line.
The treatment of calcaneal fractures is challenging because of the complex shape of the bone, its four functionally linked joints, and the complex nature of the fractures. [1] [2] [3] In addition, there is still much debate regarding the position and direction of the various fracture lines, even the primary fracture line. [4] [5] [6] These various fracture lines and the combination of comminution and displacement produce individual fractures. Furthermore, as the amount of force involved increases on the calcaneus, the situation approaches that likened to a walnut after it has been crushed by a nutcracker. 4, 7 Recently, the finite element method (FEM) has been used for structural analyses of bones. [8] [9] [10] Furthermore, the computed tomography (CT)-based FEM provides accurate predictions of fracture loads and virtual fracture locations in the femur and distal radius. 8, [11] [12] [13] Compared with previous studies of cadavers, this method has some advantages, such as its noninvasiveness and ability to analyze the same model repeatedly. However, to our knowledge, no previous studies have documented patient-specific, CT-based, nonlinear FEMs for simulating calcaneal fractures.
Therefore, the purposes of this study were to establish how to predict the fracture lines of the calcaneus using a CT-based FEM for patients with contralateral calcaneal fractures and to investigate whether the predicted lines were similar to those of the fractured calcanei.
MATERIALS AND METHODS

Specimens
Seven calcanei of five men and two women aged 44-77 years (average age, 60 years) with contralateral calcaneal fractures who provided informed consent to participate in this study were analyzed. This study was approved by the institutional review board.
Computed Tomography
When the patients were injured, CT images of both calcanei, fractured and uninjured, were obtained (320-row detector; 120 kV; 100 mA; slice thickness, 0.5 mm; pixel width, 0.25 mm) with a calibration phantom (B-MAS200; Kyoto Kagaku, Kyoto, Japan) placed under the heel and CT (Aquilion ONE GENESIS edition; Toshiba Medical Systems, Tokyo, Japan). The CT scan data of the fractured calcaneus were reconstructed using the three-dimensional model to obtain a detailed diagnosis (Fig. 1a) .
Nonlinear Finite Element Method
We created contralateral (uninjured) calcaneal models using specimen-specific three-dimensional FEMs and performed analyses using Mechanical Finder software (Research Center for Computational Mechanics, Tokyo, Japan). When the software was used, the region of interest was defined to subtract adjacent bones. The bone regions of interest were meshed using linear tetrahedral elements from digital imaging and communications in medicine format files of the CT scans (Fig. 1b) , in accordance with Matsuura et al. method. 12 To determine the mesh size, five models of different mesh sizes were created: (i) 1.0-3.0 mm; (ii) 1.5-4.0 mm; (iii) 2.0-5.0 mm; (iv) 2.5-6.0 mm; and (v) 3.0-7.0 mm. Then, the mesh convergence test was performed to calculate the total strain energy of the whole model. The percentage change of the total strain energy between (i) and (ii) was 1.0%; that between (i) and (iii) was 1.6%; that between (i) and (iv) was 20.1%; and that between (i) and (v) was 27.8%. Based on these results, the mesh size was determined with a global edge length of 1.0-3.0 mm. Three nodal-point shell elements were placed on the outer surface of the tetrahedral elements to observe the failure of them easily. 8 Although these shell elements simulated the surface of the cortical bone, the virtual thickness of the shell element was set as 0.3 mm so it did not affect bone strength. On average, there were 24,080 nodes, 124,591 tetrahedral elements, and 12,310 triangular plates. To allow for bone heterogeneity, the equations proposed by Keyak et al. 14 were used. Shell elements were assigned a Young's modulus that matched the nearest tetrahedral element. Poisson's ratio was set at 0.4 for the bone element.
Boundary conditions were decided as follows: The lower parts of the posterior surface of the calcaneus and calcaneocuboid joint were fully restrained, insertion of the Achilles tendon was restrained in a vertical direction, and insertions of the plantar aponeurosis and muscles were restrained in a horizontal direction to imitate the heel contacting the ground (Fig. 2a) . The load applied to this model represented the conditions of mechanical testing with quasi-static force ranging from 98 to 9807 N 15 and increasing by 98-N intervals. The force was equally divided over nodes on the loaded portion of the anterior, middle, and posterior facets. For each model, the forces were applied from six directions, with calcaneal angles of inclination of 20˚and 40˚(along the sagittal plane, Fig. 2b ) in combination with hindfoot angles of inversion of 30˚and 0˚, or an angle of eversion of 30( along the coronal plane, Fig. 2c ), simulating normal anatomy. 15 The fracture criterion was defined when the DruckerPrager stress of each element was equal to the element yield stress, in accordance with the equations proposed by Keyak et al. 16 There was no yield element with a load of 981 N (Fig. 3a) . The yield element was shown as a red triangle on its outer surface ( Fig. 3b ; red arrow). The value of the yield element increased as the load gradually increased ( Fig. 3c-f ). Then, predicted fracture lines were formed by lines connected to the yield element. To assess the precision of the predicted fracture lines of the contralateral calcanei, they were compared with the fracture location according to the mirror-reversed three-dimensional images. According to Essex-Lopresti's description, the primary fracture line was determined in the superior surface of the calcaneus, and two types of fracture patterns (the tongue type and joint depression type) were determined in the lateral surface. 17 Therefore, the comparison of the specific line in the lateral and superior surfaces of the calcaneus was given importance among all surfaces. The load and its direction, which represented the most similar predicted fracture line with the fractured calcaneus, were defined as a predictable fracture condition.
RESULTS
The FEM for every case predicted fracture lines similar to the fracture lines of the calcaneus (joint depression fracture five cases, Fig. 4 ; tongue fracture two cases, Fig. 5 ). For a joint depression-type fracture, in which the articular fragment was separate from the adjacent tuberosity, there was a fracture line behind the posterior talar articular surface and various fracture patterns of the lateral wall of the calcaneus ( Fig. 4; cases 1, 3, 4, 6, and 7) . Although the crushed, flat calcanei made the comparison between the fractured calcanei and predicted fracture lines difficult, the specific fracture pattern of the lateral surface of each case was well simulated. A crack started from various parts (Fig. 4 , blue dot) and extended with a load of 883 to 5099 N. The primary fracture line extended from the anteromedial part (Fig. 4 , green dot; cases 1, 3, and 4) to the posterolateral part in three cases. In case 6, a crack started from the lateral side of the posterior articular fragment (Fig. 4 , blue dot; case 6), and then the primary fracture line started at the anteromedial part (Fig. 4 , green dot; case 6). In this actual case, there were two primary fracture lines from the anteromedial part to the posterocentral part and from the anterolateral part to the posterolateral part ( Fig. 4 ; case 6). Case 7 was similar to case 6; there were two lines from the anteromedial part to the posteromedial part (not displaced) and from the anterolateral part to the posterolateral part ( Fig. 4; case 7) . In the FEM, a crack and primary fracture line started at the anterolateral part ( Fig. 4 ; case 7, blue and green dot) and extended posteromedially. Another line was observed from behind the posterior talar articular surface to the anterolateral part. Although the joint depression type was predicted with loads at the remaining angles, these predictions showed different fracture lines. In addition, the predicted fracture loads were different according to the calcaneal position. On the other hand, for a tongue-type fracture, where the articular fragment attached to a tuberosity fragment, there was no predicted fracture line behind the posterior talar articular surface ( Fig. 5 ; cases 2 and 5). In case 2, the crack started at the lateral wall (Fig. 5 , (Fig. 6) . However, only one direction of force predicted similar fracture lines with a fractured calcaneus ( Fig. 5 and 6b ; case 2). When loaded at the remaining angles, all joint depression fractures were reproduced (Fig. 6a, c, d, e, f) . The predicted fracture, with an applied load of 3727 N, calcaneal inclination of 40˚, and hind foot angle with 0˚load direction looked like a tongue fracture. However, parts of the shell elements behind the posterior talar articular surface were already fractured, and the predicted fractures became joint depression fractures when the applied load was increased (Fig. 6e) . In case 5, the crack started at the anteromedial part with a load of 3432 N (Fig. 5 , blue and green dot; case 5). Then, another crack occurred at the lateral wall. Although this predicted fracture line showed a specific tongue-type fracture, this case also had some difference between the actual primary fracture line and the line in the FEM. The predicted fracture load varied for each case, from 2550 N to 9807 N. Predicted fracture loads of two female patients were lower than those of male patients. The predicted load directions were as follows: Calcaneal inclination of 20˚and hind foot angle of 0˚for three cases; calcaneal inclination of 40å nd hind foot angle of 0˚for two cases; and calcaneal inclination of 20˚and hind foot angle inversion of 30f or two cases. There were no predicted fractures with an eversion load of the hind foot angle. Although case 1 and 2 had different fracture types of the calcaneus, the predicted fractures occurred with the same predicted load direction. Case 5 had a tongue fracture, and this was reproduced with a calcaneal inclination of 40˚and a hind foot angle of 0˚ (Table 1) .
DISCUSSION
This study simulated calcaneal fractures using patient-specific CT-based nonlinear FEMs. As a result, predicted fracture lines were similar to the actual fracture lines. We could argue that it was possible to reproduce the calcaneal fractures using the FEM. When the predicted fracture was compared with the actual calcaneal fracture for each patient, the reproduced fractures and conditions were often precise. Therefore, we suggest that the current method could be useful in clinical settings for predicting not only the location of the calcaneal fracture lines but also the foot position upon injury.
Essex-Lopresti believed the primary fracture line was initially produced laterally by the lateral process and the lateral edge of talus and then extended medially. 17 He believed that at the moment of impact, the subtalar joint was forced into eversion, thus dividing the lateral wall and body of the calcaneus at the crucial angle of Gissane. The remaining force then dissipated into the sustentaculum medially. However, Warrick and Bremner described that the fracture will extend forward and laterally from a point on the medial side for a variable distance behind the sustentaculum tali. 18 Utenza explained that the primary fracture line is variably curved but always centered on the sustentaculum tali. 19 There is still much debate regarding the position and direction of these various fracture lines. In our finite element study, the fracture and crack started at the lateral side of the posterior articular fragment or the lateral calcaneal wall. Subsequently, the primary fracture lines were reproduced in two ways. One extended anteromedially to posterolaterally, and the other extended anterolaterally to posteromedially and behind the sustentaculum tali. These findings are in agreement with the mechanism proposed by Essex-Lopresti and Warrick and Bremner. 17, 18 In this study, the prediction was created only under certain conditions for each case. Even in the same case, different load directions resulted in different patterns of the fracture lines, and the fracture lines occurred with different loads, especially the calcaneus fracture during simulations of inversions with lighter loads. According to Essex-Lopresti, in addition to the eversion force to the subtalar joint, two forces with different directions, whether posteriorly directed or axially directed, caused different types of calcaneal fractures (a joint depression fracture or tongue fracture) at the moment of impact. 17 However, using the FEM, a joint depression fracture for case 1 and a tongue fracture for case 2 were reproduced under the same load directions. For case 5, a tongue fracture was simulated with posteriorly directed force using a neutral hind foot angle. In addition, calcaneal fracture predictions for all seven cases did not involve eversion; they involved the neutral or inversion hind foot angle. However, it was impossible to reproduce the tongue fracture in any condition when there was a joint depression fracture on the contralateral side of the calcaneus. These results were different from those proposed by Essex-Lopresti. 17 Our reproduction of basic fracture patterns was stereotypical; however, it might be interesting to see the process of calcaneal fractures under patient-specific conditions. Therefore, this method could be valuable for further understanding the pathomechanism of calcaneal fractures. Fur- To our knowledge, no previous studies used patientspecific, CT-based, nonlinear FEMs to simulate calcaneal fracture. However, this study has several limitations. First, we analyzed only seven cases. Additional studies should be performed to confirm the accuracy of this method for calcaneal fractures. Second, the soft tissues and surrounding bones were removed to easily simulate calcanei; thus, clinical conditions, including the realistic physiological loading and boundary conditions, may differ from this simulation. Third, the simulated fracture lines were similar but somewhat different from the actual fracture lines depending on the case because of not only the flat shape of the crushed calcanei but also the extreme condition of simulation, which was performed under the maximum range of motion of the subtalar joint in addition to the neutral position. Although we could not perform the sensitivity analysis and compare the simulated fracture lines and actual fracture lines, the accuracy of the prediction might be confirmed by detecting the characteristic fracture lines of patient-specific patterns and by performing additional simulations under smaller angles (5˚, 10˚, 15˚, and so on) of the subtalar joint. Finally, as Matsuura et al. described, FEM analysis is just a simulation.
12, 13 We did not perform a cadaver study to validate this analytical method; thus, we compared our simulated loading force to produce the fracture with that of previous studies. In our simulated analysis, the fracture lines were made with a loading force ranging from 2550 N to 9807 N. In contrast, the peak forces used to produce the fracture in Seipel's cadaver study ranged from 3600 N to 11400 N. 20 Using this comparison, our study's results might be validated. This method also had some advantages. Predicted appropriate loads and load directions using a specimen-specific, CT-based, nonlin- ear FEM applied to a cadaveric model could prevent a comminuted calcaneus that looks similar to a walnut that has been crushed by a nutcracker.
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